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Ab initio Study of Effect of Co Substitution on the Magnetic Properties of Ni and
Pt-based Heusler Alloys
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Using density functional theory based calculations, we have carried out in-depth studies of effect
of Co substitution on the magnetic properties of Ni and Pt-based shape memory alloys. We show
the systematic variation of the total magnetic moment, as a function of Co doping. A detailed
analysis of evolution of Heisenberg exchange coupling parameters as a function of Co doping has
been presented here. The strength of RKKY type of exchange interaction is found to decay with
the increase of Co doping.
PACS numbers: 71.15.Nc, 71.15.Mb, 81.30.Kf, 75.50.Cc
I. INTRODUCTION
Full Heusler alloys (with typical formula A2BC) have
drawn considerable attention of the researchers over the
last decades because of their possible technological ap-
plications. Upon cooling, some of the Heusler alloys un-
dergo a structural transition from a high temperature
cubic phase, namely austenite phase to a lower symme-
try phase, called martensite phase below a certain tem-
perature. This type of structural transition is referred
as martensite transition, and the particular temperature
at which the transition takes place is called martensite
transition temperature. Ni2MnGa belongs to this cate-
gory of Heusler alloys.1–3 The Heusler alloys of this cat-
egory may find their application as various devices, such
as actuators, antenna, sensors etc. For the application
purpose it is always desired that martensitic transition
temperature is above the room temperature. In case of
conventional shape memory effect, which is governed by
the temperature, the actuation process is much more slow
compared to a magnetically controlled actuation. So it
is desirable to have a magnetic shape memory alloy with
the Curie temperature (TC) higher than the room tem-
perature. It has been observed that both TM and TC
values are very much dependent on the composition of a
particular Heusler alloy.4–16
There is also another category of full Heusler alloys,
which are known to be metallic for one kind of spin
channel and insulator for the other kind of spin chan-
nel because of their very high spin polarization (HSP)
at the Fermi level. They are often called as half metal-
lic Heusler alloys.17 Most of the Co-based Heusler alloys,
like Co2MnSn, Co2MnGa belong to this category.
18,19
These Heusler alloys may have potential application in
spintronic devices.
Apart from the technological application, these Heusler
alloys are very interesting because of their wide diver-
sity in terms of magnetic property. These alloys may
∗Electronic mail: tufanroyburdwan@gmail.com
be ferromagnetic, ferrimagnetic, anti-ferromagnetic and
also non-magnetic depending on the chemical composi-
tion. So it is of immense interest to have an in depth
study on the magnetic interactions present in these sys-
tems. In most of the full Heusler alloys, A2BC, B is the
primary moment carrying atom, in many of the Heusler
alloys, A2BC, there is presence of a delocalized-like com-
mon d-band formed by the d-electrons of the A and B
atoms, which are both typically first-row transition metal
atoms.20 Additionally, there is also an indirect RKKY-
type exchange mechanism21 between the B atoms, pri-
marily mediated by the electrons of the C atoms, which
also plays an important role in defining the magnetic
properties of these materials.20,22 Staunton et al23 re-
ported the role of RKKY interaction behind the origin of
magnetic anisotropy of a system. For the magnetic shape
memory alloys, magnetic anisotropy energy plays an im-
portant role. In this regard also, it will be interesting to
study of RKKY interaction in detail in these systems.
In a very recent paper, we have shown in detail the sim-
ilarities and differences between the Heusler alloys which
are likely to show shape memory alloy (SMA) property
and which are not, in terms of the electronic, magnetic
as well as mechanical properties.14 In this paper, we fo-
cus our interest as to how the magnetic exchange inter-
actions, mainly the RKKY type of interaction between
the B atoms of the A2BC systems, are evolving in go-
ing from the materials which are prone to martensite
transition (which are generally metallic in nature) to the
other class of Heusler alloys (which are typically half-
metallic in nature) i.e. which do not show SMA prop-
erty. Here we study about the nature of RKKY types
of interaction for four sets of materials Ni2−xCoxMnGa,
Ni2−xCoxFeGa, Pt2−xCoxMnGa, Pt2−xCoxMnSn as a
function of x (x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75,
2.00). In all the cases the material is likely to show SMA
property for x=0.00 and is predicted to be half-metallic
for x=2.00. In the section following the methodology, the
results of the work and the relevant discussion are pre-
sented. Finally, we summarize and conclude in the last
section.
2II. METHOD
The Heusler alloys (A2BC) studied here possess L21
structure that consists of four interpenetrating face-
centered-cubic (fcc) sub-lattices with origin at fractional
positions, (0.25, 0.25, 0.25), (0.75, 0.75, 0.75), (0.5, 0.5,
0.5), and (0.0, 0.0, 0.0). For the conventional Heusler
alloy structure, the first two sub-lattices are occupied by
A atom and the third by B and fourth by C atom. In
total, there are 16 atoms in the cell. While we study
the Co substitution in A2BC systems, the Co atom sub-
stitutes the A atom only. First we carry out full geom-
etry optimization of the materials, of all the materials
corresponding to x=0.00, 0.25, 1.75, 2.00, using the 16
atom cell. For the geometry optimization, we employ the
Vienna Ab Initio Simulation Package (VASP)24 in com-
bination with the projector augmented wave method.25
We use an energy cut-off of minimum 500 eV for the
planewave basis set. The calculations have been per-
formed with a k mesh of 15×15×15. The energy and
force tolerance used were 10 µeV and 10 meV/A˚, respec-
tively. After obtaining the equilibrium lattice constants
of the four above-mentioned materials by using the VASP
package we plot the same. A linear variation of the lat-
tice constant is observed. We deduce the lattice con-
stants of the other materials, corresponding to x=0.50,
0.75, 1.25, 1.50 by the method of interpolation. To gain
insight into the magnetic interactions of these materials,
we calculate and discuss their Heisenberg exchange cou-
pling parameters. We use the Spin-polarized-relativistic
Korringa-Kohn-Rostoker method (SPR-KKR) to calcu-
late the Heisenberg exchange coupling parameters, Jij
as implemented in the SPR-KKR programme package.26
The mesh of k points for the SCF cycles has been taken as
21×21×21 in the BZ. The angular momentum expansion
for each atom is taken such that lmax=3. The partial
and total moments have also been calculated for all the
materials studied. We use local density approximation
(LDA) for exchange correlation functional.27
III. RESULTS AND DISCUSSION
Total and partial moments As mentioned above,
we studied here four sets of materials, Ni2−xCoxMnGa,
Ni2−xCoxFeGa, Pt2−xCoxMnGa, Pt2−xCoxMnSn with
x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00. At the
two ends of the composition, i.e. for x=0.00 and x=2.00,
all the materials except Pt2MnSn already exist in the
literature. In this study, all the materials corresponding
to x=0.00 are likely to exhibit martensite transition. We
predict here that Pt2MnSn also possesses conventional
Heusler alloy structure in its ground state and exhibits
the martensite transition. All the studied materials here
are ferromagnetic in nature.
We observe from Figure-1 that for the three sets
of materials namely, Ni2−xCoxMnGa, Pt2−xCoxMnGa,
Pt2−xCoxMnSn the variation of total moment(µT ) fol-
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FIG. 1: x dependence of magnetic moments for
Ni2−xCoxMnGa, Ni2−xCoxFeGa, Pt2−xCoxMnSn,
Pt2−xCoxMnGa.
lows the same trend, which is for lower value of x, µT
increases and then starts to fall at a higher x value, at-
taining a maximum value in between the range of x=0.00
to x=2.00. For Ni2−xCoxMnGa, the nature of variation
of the moment as a function of x matches with the exist-
ing literature.28
The variation of the total moment as a function of x,
can be well understood from the variation of the partial
moments for the respective systems. We find that for
Ni2−xCoxMnGa, Pt2−xCoxMnGa, Pt2−xCoxMnSn, the
partial moment of Co and Mn-atom decreases linearly
as a function of x. This may be because, as we move
towards the higher value of x, the lattice parameter of
the systems decreases which leads to decrease of the Mn
and Co partial moment. But as the absolute value of
moment of Co-atom is much larger compared than that
of Ni or Pt, the total moment increases initially with
increasing value of x. However, this increasing factor has
to compete with the continuous reduction of the partial
moments of Co and Mn-atom, which dominates at higher
value of x. This results in a fall of the total value of
the moment. Because of these two competing factors,
initially we get a maximum value of µT and then it falls,
finally reaches a value, very close to an integer following
the Slater Pauling rule.18
However, the total magnetic moment of
Ni2−xCoxFeGa increases linearly as a function of
x. This type of variation may be because of the almost
constant partial moment of Fe and Co atom over the
entire range of x. This is probably due to the fact
that the lattice parameters for the two end materials
Ni2FeGa (a= 5.76 A˚) and Co2FeGa (a=5.73 A˚) are very
close. Here the only controlling factor is the change
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FIG. 2: Variation of the total energy of (a) Co2MnGa,
Co2FeGa, Co2MnSn (b) Ni2MnGa, Ni2FeGa, Pt2MnGa,
Pt2MnSn in their respective ground state magnetic config-
urations as a function of c/a. Energy E in the Y-axis sig-
nifies the energy difference between the cubic and tetragonal
phase. Some results of these figures are part of published
literature.14,15
of moment due to Ni substitution by Co-atom, which
is always positive and proportional to the substitution
and effectively results in a linear increase of the total
moments of this system.
Energy vs c/a curve Heusler alloys may be used as
shape memory device if they undergo a structural tran-
sition from high temperature cubic phase to low temper-
ature non-cubic phase upon cooling. The alloys, which
are likely to undergo this structural transition, they must
have the non-cubic phase with much lower energy com-
pared to its cubic phase. We have applied a tetragonal
distortion on the cubic phase of the stoichiometric ma-
terial to probe whether they are favourable to undergo
tetragonal distortion or not. In the upper panel of the
Figure-2, we find that there is no lowering of energy under
tetragonal distortion. For this set of materials, namely
Co2MnGa, Co2MnSn, Co2FeGa, the cubic phase is the
lowest energy state (c/a = 1) and they are not likely to
undergo martensite transition.13,14,29
In the lower panel of the Figure-2 we observe that for
all the materials shown here (i.e. Ni2MnGa, Ni2FeGa,
Pt2MnGa, Pt2MnSn), energy of the systems is lowered
under tetragonal distortion which indicates to a possibil-
ity of martensite transition for these materials. Except
Pt2MnSn, the other three materials, namely Ni2MnGa,
Ni2FeGa, Pt2MnGa, of the lower panel are already re-
ported to undergo martensite transition.10,30,31
Now we plot (Figure-3 to Figure-6) the Heisenberg
exchange coupling parameters (Jij), between Mn or
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FIG. 3: Jij of Mn atom with its neighbours as a function of
normalized distance d/a for Ni2−xCoxMnGa system. a is the
lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75,
2.00.
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FIG. 4: Jij of Fe atom with its neighbours as a function of
normalized distance d/a for Ni2−xCoxFeGa system. a is the
lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 2.00.
Fe with other magnetic atoms of Ni2−xCoxMnGa,
Ni2−xCoxFeGa, Pt2−xCoxMnGa, Pt2−xCoxMnSn
(x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75, 2.00), as a
function of interatomic spacing in the units of lattice
parameter(a). We study the evolution of the magnetic
interaction in going from a material which shows the
SMA property (x=0.00) to one which does not show the
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FIG. 5: Jij of Mn atom with its neighbours as a function of
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FIG. 6: Jij of Mn atom with its neighbours as a function of
normalized distance d/a for Pt2−xCoxMnGa system. a is the
lattice parameter for x=0.00, 0.25, 0.50, 0.75, 1.25, 1.50, 1.75,
2.00.
SMA property (x=2.00).
From Figure-3, we observe that the strength of the
direct exchange interaction between Mn and Co is max-
imum at x=0.25, i.e. for Ni1.75Co0.25MnGa and it is
minimum for x=2.00 i.e. for Co2MnGa. We observe that
for the value of x=0.25, the partial magnetic moments
of Mn and Co atom attain their maximum value among
all the intermediate compounds (x=0.00 cannot be con-
sidered because there is no Co atom) which leads to the
strongest direct exchange interaction between Mn and Co
atom. The scenario is exactly opposite for x=2.00.
For the other three sets of materials also, i.e.
Ni2−xCoxFeGa, Pt2−xCoxMnGa, Pt2−xCoxMnSn, we
find similar types variation of direct exchange interaction
between Co and the B atom (B=Mn for Pt2−xCoxMnGa,
Pt2−xCoxMnSn and Fe for Ni2−xCoxFeGa). which
has been shown in Figure-4 to Figure-6. For all
the materials studied here, we find that the ex-
change interaction energy between the B and Co
atom is much more stronger compared to B and Ni
(for Ni2−xCoxMnGa, Ni2−xCoxFeGa) or Pt atom (for
Pt2−xCoxMnGa, Pt2−xCoxMnSn). This is because the
partial moment of Co-atom is much higher compared to
that of Ni or Pt-atom.
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FIG. 7: JB−B (B=Mn or Fe depending on the systems) as
a function of normalized distance d/a for (a)Ni2−xCoxMnGa
(b) Ni2−xCoxFeGa (c)Pt2−xCoxMnSn (d)Pt2−xCoxMnGa .
a is the lattice parameter for different values of x.
RKKY type of interaction plays a very important role
in the systems where the localized moments are far apart
to have any direct exchange interaction. There are an
extensive studies on the RKKY interactions in various
dilute magnetic systems, where the magnetic atoms like
Mn or Fe are present in a very low concentration in the
nonmagnetic metallic host material.32 The presence of
RKKY interaction between localized-like moments (Mn
or Fe) was reported. This interaction was via the con-
duction electrons of the host material, which may be
Au, Ag, Mo, Zn etc. Not only in metallic system,
RKKY interaction plays a crucial role in determining
the magnetic property of dilute magnetic semiconduc-
tor also.33 In this study all the systems contain Mn or
5Fe atom, and the magnetic moments are mainly con-
fined to them. As all the systems studied here possess
conventional Heusler alloy structure (A2BC), the sepa-
ration between the B atoms (Mn or Fe depending on
the systems) are large enough to have a direct exchange
interaction between them. For this kind of Heusler al-
loy structure B atom is surrounded by eight A atoms,
which makes A atoms to play a very important role in
determining the magnetic exchange interactions between
B atoms themselves. The strong local nature of the mag-
netic moment of the B atoms spin-polarizes the free like
electrons present in the system and the spin-polarized
conduction electrons effectively couple the B atom.34 Pre-
viously in literature20 it was mentioned for A2MnC sys-
tems (A=Cu, Pd; C=Al, In, Sb), that the conduction
electrons of the C atom take role in the coupling be-
tween Mn atoms. But in a recent study22 the role of
conduction electron of A atom has also been confirmed
for a number of Mn-based Heusler alloys. In our studied
systems here, for a given series of materials, C-atom is
fixed which is Ga for Ni2−xCoxMnGa, Ni2−xCoxFeGa,
Pt2−xCoxMnGa and Sn for Pt2−xCoxMnSn. However
with substitution, nature of A atom changes. Here we
will discuss only about the role of A-atom in the RKKY
interaction between B atoms themselves. It is to be noted
that the spin polarization of the conduction electron will
depend on the local magnetic moment of the B atom and
the number of the conduction electrons present in the sys-
tem. Now as we move from Ni2MnGa to Co2MnGa we
are effectively reducing the number of conduction elec-
trons of the system, as Ni has one more d-electron com-
pared to Co-atom. This may cause a weaker coupling
between the Mn atoms themselves. From Figure-7(a) we
find that for Ni2MnGa (x=0.00) the Mn-Mn interaction
is the most oscillatory in nature (Heisenberg exchange
coupling constant varies between 1.39 eV to -0.25 eV at
d/a = 1 and d/a = 1.73) whereas for Co2MnGa the os-
cillation is minimal (varies between 0.2 eV to -0.02 eV at
d/a = 0.71 and d/a = 1.58). The strength of the oscil-
lation reduces gradually as we move from Ni2MnGa to
Co2MnGa.
For Ni2−xCoxFeGa system also we observe same kind
of variation for Mn-Mn interaction as we move from
x=0.00 to x=2.00. For x=0.00 i.e. for Ni2FeGa the am-
plitude of Fe-Fe RKKY interaction varies between 1.96
eV (d/a = 0.71) and -0.76 eV (d/a = 1.41) which is the
strongest among the Ni2−xCoxFeGa series.
In going from Pt-based systems to Co-based systems
(Figure-7(c) and Figure-7(d)) also, we are reducing the
number of conduction electrons. One more factor which
we must consider when we discus about Pt2−xCoxMnSn
and Pt2−xCoxMnGa, is the change in lattice param-
eter between the compounds corresponding to x=0.00
and 2.00. On the other hand, for Ni2−xCoxMnGa and
Ni2−xCoxFeGa this change is very nominal as both Ni
and Co has very close atomic radius. But as we move
from Pt2MnSn (a=6.46 A˚) to Co2MnSn (5.98 A˚) there
is a contraction of lattice parameter of about 0.48 A˚.
For Pt2MnGa (a=6.23 A˚) to Co2MnGa (a=5.72 A˚), a
contraction of about 0.51 A˚takes place. This larger lat-
tice parameter for Pt-based systems causes more local-
ization of Mn partial magnetic moment (3.97 µB and
3.82 µB in Pt2MnSn and Pt2MnGa respectively) com-
pared to the values in Co-based system (3.19 µB and
2.73 µB in case of Co2MnSn and Co2MnGa respectively).
In Ref35 Bose etal have mentioned that the strength of
exchange interaction between two interacting magnetic
moments also depends on value of the respective mag-
netic moments. Therefore, if we focus on Figure-7(c) we
observe that the Mn-Mn exchange interaction energy for
x=0.00 (Pt2MnSn) oscillates between a maximum value
of 1.21 eV (d/a = 1.00) and minimum value of -1.29
eV (d/a = 1.73) but oscillation becomes weaker grad-
ually as we increase x and for Co2MnSn it varies be-
tween 1.61 eV (d/a = 0.71) and 0.03 eV (d/a = 0.58). It
means RKKY type of interaction is much more strong in
Pt2MnSn compared to Co2MnSn, which may be because
of more localized-like Mn-moments in Pt2MnSn.
For Pt2−xCoxMnGa system also we find that the for
x=0.00, RKKY type of interaction between Mn-Mn is
the most oscillatory (for Pt2MnGa it varies between -
1.33 eV and 1.94 eV at d/a = 0.71, 1.00 respectively)
and gradually with increasing x, the interaction becomes
less oscillating nature.
IV. CONCLUSION
From density functional theory based calculations we
study the effects of Co substitution in Ni and Pt-based
Heusler alloys which are likely to show SMA. Our results
suggest that there is a decrease in strength of the RKKY
interaction as we increase the Co doping at Ni or Pt site.
It indicates about the dominant role played by A atom’s
d-electron in the formation of coupling between localized
moments of B atom in the A2BC system studied here.
We also report the strong dependence of the strength of
the RKKY interaction on the localization of B atom’s
magnetic moment. Our study signifies the implicit and
important presence of RKKY interaction in the magnetic
shape memory Heusler alloys.
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